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I. INTRODUCI'ION 

The inbore dynamic path traversed by the elastic sabot/ penetrator assembly is the forcing 
function that defines the dynamic state of the sabot/ penetrator at shot exit. The dynamic state 
of the sabotj penetrator assembly determines the initial conditions of the transitional ballistic 
phase and contains the asymmetries imparted to the assembly by the inbore balloting. During 
the transitional ballistic phase ( i.e., the sabot discard ) the dynamic state and asymmetries are 
affected by the mechanical and aerodynamic disturbances caused by the sabot separation. All of 
the launch disturbances combine to determine the dynamic state of the penetrator as it enters 

free-flight. 

A test was conducted in the Aerodynamics Range Facility of the U.S. Army Ballistic 
Research Laboratory to assess the effects of different sabot configurations and positions on the 
launch of long rod penetrators. This test was the second of a series of studies designed to look 
at the entire launch process of fin-stabilized kinetic energy ammunition. The results of the first 
test, that examined the effects of changing the sabot front borerider stiffness, were reported in 
Reference (1). Three conclusions were reached in that study: 

I.) The linear and angular dynamic states of the projectile at shot exit are not 
dominated by the motion of the gun muzzle but primarily dependent on the motion 
of the projectile relative to the bore centerline (i.e. the inbore balloting motion ). 

2.) The front borerider stiffness clearly affects the inbore response of the projec­
tile. 

3.) The dispersion of the ammunition is a result of a complex interaction deter­
mined by the dynamic state of the projectile at muzzle exit. 

The third conclusion warrants further discussion. It was found in Reference (I) that a beneficial 
cross correlation between the projectile center-of -gravity jump at the muzzle ( the center­
of -gravity jump is defined as the initial deviation of the projectile center-of- gravity at muzzle 
exit ) and the projectile aerodynamic jump was the reason for the lower dispersion. The disper­
sion of the individual components of jump had not significantly changed for the three borerider 
stiffnesses tested. Unfortunately, the Reference (I) study, though able to explain the dispersion 
phenomenon, was unable to suggest sabot design criteria. 

The present report presents the results of a series of tests designed to extend the work of 
Reference (1). Four sabot configurations were tested: I) a long wheelbase sabot, where the term 
wheelbase refers to the separation between the front and rear boreriding surfaces, 2) a short 
wheelbase sabot, 3) a sabot positioned further forward on the penetrator and 4) a sabot posi­
tioned further aft on the penetrator. All of the sabot configurations tested were used to launch 



an identical fin-stabilized long rod penetrator from a 2Smm Mann Barrel. Five projectiles of 
each configuration were tested. The configurations are shown in Figure (la) and (lb). In Figure 
(la) are the long wheelbase, the baseline case from Reference {1) and the short wheelbase and 
in Figure (lb) are the sabot-rear, baseline and sabot-forward configurations. 

II. TEST INSTRUMENTATION AND PROCEDURES 

A schematic of the test set-up is given in Figure (2); it is almost identical to the set-up 
used in Reference (I). The main difference is that in Reference ( 1) the gun was fired by pull­

ing a lanyard and for this test the gun was fitted with an electric solenoid to strike the firing 
pin. It was found that the consistency of the gun dynamics prior to shot exit were improved by 
changing to the electric firing circuit. A different borescope was also used because the bore­
scope used in Reference (I) was so heavy it changed the pointing angle of the gun. The 
clearances in the recoil system were removed and consequently the lighter borescope did not af­

feet the gun pointing angle. 

The sub-projectile or penetrator launched by the four sabot configurations had a length to 
diameter ratio ( L/ D ) of 18.5 and was identical in each design except for the buttress groove 

locations. These had to be shifted to position the sabot forward or aft. The changes in the sabot 
configurations are relative to the baseline configuration presented in Reference (1 ). The sabot 
wheelbase of the baseline configuration is 5.06 penetrator diameters ( calibers ). The long 
wheelbase design is 6.05 calibers and the short design is 4.06 calibers. The aft sabot is posi­
tioned one caliber aft of the baseline sabot position and in the final design the sabot is posi­
tioned one caliber forward of the baseline position. Even with these design variations, the maxi­
mum deviation of the sabotjpenetrator assembly center-of -gravity from that of the baseline 
configuration was 4.7%. The maximum deviation of the assembly inertial properties was 7.5% 

for the transverse moment of inertia. The long wheelbase design had the largest assembly trans­
verse moment of inertia. 

The dynamics of the muzzle prior to shot exit were measured by Scientific-Atlanta Model 

61 eddy current proximity probes. These were located at the same two positions used in the 
previous test ( i.e. 10.7 em and 20.8 em from the muzzle ). The mounting of the probes, trigger­

ing system, signal processing and data reduction techniques used were briefly discussed in 
Reference (I) and presented in detail in Reference (2). 

The projectiles were launched at a nominal muzzle velocity of 1550 m/ s; this is ap­
proximately 25 m/ s faster than in Reference {1 ). The dynamics of the projectile during the 

transitional ballistic phase were recorded by six orthogonal x-ray stations located at 0.032, 0.36, 
0.75, 1.25, 1.63 and 2.01 metres downrange from the muzzle. Again the data acquisition and 

reduction technique was reviewed in Reference (I) and comprehensively discussed in 
References (3) and (4). 
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The target impact dispersion was obtained by placing a target in the last aerodynamics 
range station of the fifth group, at a point I 00 metres from the muzzle. The collimated bore­
scope was utilized to position the target center on the pre-shot line-of -fire. The coordinates of 
the target aimpoint and of the muzzle were used to compute the pre-shot line-of -fire. 

The Aerodynamics Range Facility, described in Reference (5), was used to record the 
free-flight trajectory of the penetrator. Reference (6) derives the theory and discusses the data 
reduction techniques used to obtain the aerodynamic coefficients of the penetrator. These coef­
ficients are required to compute the aerodynamic jump, which is also one of the components of 
the dispersion. 

III. CLOSURE AND DISPERSION MODEL 

A review of the closure and dispersion model presented in Reference (1) is necessary be­
cause it is the basis for analyzing the results. The closure model defines a series of jump com­
ponents, along with the gravity drop, whose vector sum equals the location of the fall of shot 
relative to the pre-shot line-of -fire. A jump vector is a vector whose magnitude is the angle, in 
milHradians, of the deviation between the projectile trajectory and the line-of-fire. The orien­
tation of the jump vector in a X-Y coordinate system is the arctangent of the ratio of the 
vector's vertical to horizontal component. The closure model for fin-stabilized sabot-launched 
kinetic energy penetrators consists of six vectors. These are given in Figure (3). The first is the 
muzzle-pointing angle ( MP ) at shot exit; the second is the angle defined by the ratio of trans­
verse velocity of the muzzle to the projectile launch velocity or the "muzzle-crossing velocity 
jump ( CV );" the third is the angular deviation of the projectile center-of -gravity ( CG ) from 
the instantaneous bore centerline at shot exit; the fourth is the deviation of the center-of­
gravity ( SD ) due to sabot discard disturbances; the fifth is the aerodynamic jump ( AJ ) and 
the sixth is the trajectory drop due to the force of gravity ( GD ). The last component is not 
considered a jump component but is included to achieve closure. It can, however, affect the 
dispersion if a large variation in muzzle velocity is present. The first five components have been 
found to be the primary jump components required to define the fall of shot for a sabot­
launched kinetic energy penetrator and are discussed at length in Reference (1 ). 

The dispersion model is a simple extension of the closure model and is portrayed in 
Figure (4). The dispersion of the ammunition is scattered about a center of impact on the target. 
Each impact is the sum of a separate series of jump components. Each individual group of jump 
components has its own dispersion. Mathematically the target impact dispersion, u, can be re­
lated to the dispersion of the jump components by the relation 

n n 
l: l: ai · . . J 

l=l, J=l, 
(I) 
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where 

a ·· u and a· · }t 

For iY.j, the oij terms result from cross correlations between jump components. Statistically cross 
correlations can exist between all of the jump components but this is a phenomenon that occurs 
sequentially in time, so a proper physical interpretation of the cross correlation term is neces­
sary. It is not physically possible for the aerodynamic jump component to affect a change in the 
center-of -gravity component; it is only possible for the center-of- gravity component to affect 
the aerodynamic jump component, because the latter occurs at a later time. The preceding 
model is the basis for the analysis of the test data in the next section. 

IV. ANALYSIS OF THE DATA 

The dispersion analysis requires that a jump history of each projectile fired be computed. 
The muzzle-pointing angle and crossing velocity jump components were computed from the 
proximity probe data. Figure (5) presents the horizontal and vertical pointing angle history for 
the launch of a long wheelbase sabotjpenetrator assembly, round number 19418. Shot exit occurs 
at approximately t=-0.06 milliseconds. The inbore time for the projectile is two milliseconds. 
Figures (6) and (7) give horizontal and vertical x-ray and Aerodynamics Range center-of­
gravity trajectory data for the same round. The reference line for the jump is the line-of -fire 
defined in the figures by the solid line connecting the "X" symbols. The square symbols repre­
sent the x-ray data, the circles represent the Aerodynamics Range data and the solid curve rep­
resents the Aerodynamics Range data reduction fit of the swerve data. Both the free-flight data 
and the x-ray data fall on the swerve curve. The dashed line is the tangent to the swerve curve 
at the muzzle and the angle between it and the line-of-fire is the center-of-gravity jump com­
ponent. Figures (8a) through (8f) are vertical x-ray images of the sabot discard of the long 
wheelbase sabots from the penetrator of round number 19418. Although the sabots have 
mechanically disengaged from the penetrator, they are still in aerodynamic contact. Free flight 
is achieved between the last x-ray station and the first Aerodynamics Range station. The an­
gular motion of the penetrator is presented in Figures (9) and (10). The Aerodynamics Range 
data fit of the yawing motion also fits both the x-ray and free-flight data. Therefore, as ob­
served in Reference (1), the coincidence of the x-ray data with the free-flight yaw fit leads to 
the conclusion that there were no sabot discard disturbances and the sabot discard jump com­
ponent and dispersion can be dropped from the subsequent analysis. 

The five component closure is plotted in Figure ( 11 ). The sabot discard jump was zero 
and does not appear in the plot. Note that the jump due to the gun dynamics is too small to 
identify. The closure plot is constructed by extrapolating the gun dynamics jump components 
forward from the origin and then extrapolating the gravity drop and aerodynamic jump com­
ponents backwards from the target impact. Closure is achieved by subtracting these components 
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from the total jump and computing the missing center-of- gravity jump component. Closure is 
indpendently confirmed by plotting the computed center-of-gravity jump obtained on the 
horizontal and vertical swerve data in Figures (6) and (7). The center-of -gravity jump should be 
tangent to the swerve curve at the muzzle. The dashed line marked "CG JUMP" in the figures 
is, as expected, tangent to the swerve curve. The jump closure for each projectile fired was 
computed as described above. 

V. DISCUSSION OF THE RESULTS 

Only five rounds of each configuration were tested. Complete data was obtained on all 
rounds except one of the sabot-rear configuration. Gun dynamics data was lost on this shot. To 
complete the data reduction procedure for this projectile, the mean gun dynamics obtained from 
the other four rounds of that configuration was used. This allowed the jump closure to be ap­
proximated without changing the dispersion results significantly. Table (1) presents the target 
impact dispersion in milliradians of the four configurations and the mean impact locations. Each 
configuration has a different mean impact location and dispersion. The long wheelbase con­
figuration has the lowest dispersion. All of the other configurations have high dispersion except 
for the vertical component of the sabot forward configuration. 

The launch muzzle velocity had very low variability for all the projectiles fired so the 
dispersion in the gravity drop has been ignored. Figures (12), (13), (14) and (15) are summary 
plots of the four jump components. The magnitude and direction of each component is plotted 
in the figures. Figure (12) presents the muzzle-pointing angle jump. The data is of the same 
magnitude as that reported in Reference (1) but opposite in direction. The change is probably 
due to the alterations to the firing and recoil system discussed earlier. The muzzle-crossing 
velocity, Figure (13), is of the same magnitude and direction as that reported in Reference (1) 
but, except for one point, is more consistent. Both quantities are so small in magnitude that 
their influence on the overall dispersion is very small. An interesting item to note is that the 
muzzle-crossing velocity of the long wheelbase design is much smaller relative to the other con­
figurations. Figure (14), a plot of the projectile center-of-gravity jump component, is revealing 
because in Reference (1) the component is also biased to the upper half quadrant and the same 
result is observed again. It appears this Mann barrel has an interior ballistic dynamic path that 
launches saboted kinetic energy penetrators with a center-of-gravity motion biased up for seven 
different sabot configurations, the three reported in Reference (1) and the four reported in this 
paper. All of the center-of -gravity jump components appear randomly distributed within the 
bias except for the long sabot wheelbase component. This component has a very strong vertical 
bias and is almost constant in magnitude relative to the other three components. Figure (15) 
plots the aerodynamic jump components of the four configurations; it appears randomly dis­
tributed in magnitude and direction. As observed in Reference (1 ), the gun motion is an order 
of magnitude smaller than either the center-of -gravity jump or the aerodynamic jump. The 
conclusion is again reached that the linear and angular dynamics of the projectile at the muzzle 
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is a result of the inbore balloting of the projectile and not imposed by the motion of the gun 
muzzle itself. 

Tables (2), (3), (4) and (5) summarize the dispersion of each component for each con­
figuration tested and compare the results with the actual target impact dispersion. The disper­
sion model used to generate the tables is given by Equation (2): 

2 2 2 2 2 
a =aMP+acv+acc+aAJ+2accAJ (2) 

The only cross correlation included in this model is the center-of -gravity / aerodynamic jump 
term. Since there are no sabot discard disturbances, the two components are physically coupled 
because they are excited by the same interior ballistic forcing function ( i.e. the dynamic and 
static curvature of the gun tube ). The other cross correlations may exist but can be eliminated 
by the statistical and physical arguments discussed in Reference (1) and later in this section. In 
all cases, the total dispersion from the components evaluated using Equation (2) is within statis­
tical limits for the measured target impact dispersion. The x2 test, see Reference (7), applied to 
the measured target impact dispersion for an 80% confidence interval yields the following 
results: for five data points and the smallest dispersion measured ( o=0.23 ) the interval is 0.16 < 

o < 0.45 and for the largest dispersion measured ( o=0.10 ) the interval is 0.50 < o < 1.09. All of 
the dispersion data in Tables (2), (3), (4) and (5) fall well within these bounds. Considering the 
low number of data points in each group, the model appears to adequately describe the physics 
of the dispersion phenomenon. 

The data in Tables (2) through (5) confirm that the gun motion is a small contributor to 
the dispersion. The primary reason for this is that the magnitude of the gun dynamics is very 
small. Statistically significant cross correlations were found between the muzzle-pointing angle 
and the muzzle-crossing velocity as well as between the muzzle-crossing velocity and the 
center-of -gravity jump. These correlations are physically possible. Clearly, the muzzle-pointing 
angle and crossing velocity are coupled. There is an exchange of linear momentum between the 
balloting sabot/ penetrator assembly and the gun barrel during the inbore trajectory, therefore, 
the muzzle-crossing velocity could be coupled to the center-of- gravity motion of the projectile 
at shot exit. However, the computed covariances for these correlations were so small, they were 
not essential to the analysis and thus not considered. The covariance for the center-of­
gravity / aerodynamic jump component is included in the tables. All of these cross correlations 
except one were found to be statistically insignificant. This fact is marked in the tables by the 
asterisk. They were included because they produce the largest covariances, contribute substan­
tially to the sum evaluated by using Equation (2) and are physically possible. 

The data for the long wheelbase design in Table (2) has no statistically significant cross 
correlation terms and has low dispersion. This is quite different from the results of Reference 
(1), where the stiff front borerider design had low dispersion due to a fortuitous cross correla­
tion. The short wheelbase configuration, Table (3), displays double the dispersion in both the 
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center-of -gravity and aerodynamic jump components. For the sabot-rear configuration, 
Table (4), the center-of-gravity jump component dispersion is also high and the dispersion of 
the horizontal component of the aerodynamic jump is smaller. The final configuration, the 
forward-sabot, Table (5), has low center-of -gravity component dispersion but enhanced 

aerodynamic jump component dispersion. In the vertical plane, there is a statistically significant 
negative cross correlation, reducing the dispersion to the target impact value. 

The lower dispersion of the long wheelbase configuration is due to the low dispersion of 

the center- of -gravity jump component. It is essential to note that this is not because the 

center-of-gravity jump for that configuration has a small magnitude, see Figure (14), but be­
cause it has low variability in magnitude and direction. The low dispersion of the center-of­
gravity components of the sabot-forward configuration, Figure (14), stems from the components 

having a low magnitude despite having a significantly higher variability in direction. 

The penetrators fired during this test program were all launched with yaw levels of tess 

than three degrees of first maximum yaw. Launch of kinetic energy penetrators at yaw levels of 
less than three degrees is generally considered excellent. Yet at least three of the configurations 
showed large dispersion. Because there are no sabot discard disturbances, the aerodynamic jump 
is linearly proportional to the angular rate of departure of the projectile at the muzzle or the 
first maximum yaw. Despite the low yaw launch levels, there was both large and small disper­

sion exhibited by the aerodynamic jump components. Consider the dispersion of the vertical 

aerodynamic jump component of the short wheel base configuration and the dispersion of the 

horizontal aerodynamic jump component of the sabot- rear configuration, the former is large and 
the latter is small. The lower dispersion of the horizontal aerodynamic jump component of the 
sabot- rear configuration, see Figure ( 15), is a result of the low variability in direction of the 
component. Its bias is within the lower right quadrant. The vertical aerodynamic jump com­
ponent of the short wheelbase configuration is scattered across three quadrants in Figure ( 15). 
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VI. CONCLUSIONS 

The research reported in this study is part of a continuing effort to understand the factors 
affecting the launch dynamics, accuracy and dispersion characteristics of fin-stabilized kinetic 
energy ammunition. Specific design changes were made to the sabotj penetrator assembly to alter 
the in bore response and thus study the resultant effects. Regrettably, as found in Reference (I), 

no simple design criteria can be suggested. The jump and dispersion characteristics of the am­
munition can be explained using the dispersion model originally proposed by the authors in 
Reference (1 ). It is possible using the techniques described to measure not only the jump com­
ponents but also the dispersion components of ammunition. Low dispersions were observed for 
two reasons; one, there was low variability with large magnitude or two, the magnitude of the 
components were small despite significant variability in direction. The ability to control the dis­
persion of sabot - launched kinetic energy penetrators lies in the understanding of the inbore 
dynamic response of the sabot penetrator assembly to the interior ballistic forcing function. 
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Figure (Sa) Vertical X-Ray Image of the Long Wheelbase Design: X- Ray Station # l 
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Figure (8e) Vertical X- Ray Image of the Long Wheelbase Design: X- Ray Station #5 



Figure (Sf) Vertical X-Ray Image of the Long Wheelbase Design: X-Ray Station #6 
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Table (1 ) Target Mean Impact and Dispersion Summary 

Configuration X m ean Ymean Ux U y 

(mrad) (mrad) (mrad) (mrad) 

Long wheelbase 0.24 0.18 0.31 0.29 

Short wheelbase -0.04 -0.26 0.63 0.70 

Sabot rear 0.17 -0.37 0.62 0.47 

Sabot forward -0.17 0.02 0.57 0.23 

30 
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Table (2) Mean Impact and Dispersion Summary: Long Wheelbase Configuration 

Component X m ean Y mean U'x U y U'x2 

{mrad} {mrad} {rp.rad} {mrad} (mrad2
} 

Muzzle Pointing Angle 0.00 -0.03 0.02 0.07 0.0005 
{PA} 

Muzzle Crossing Velocity -0.00 0.00 0.01 0.01 0.0001 
{CV} 

Projectile CG Jump -0.03 0.43 0.12 0.10 0.0132 
{CG} 

Aerodynamic Jump 0.33 -0.00 0 .30 0.32 0.0870 
{AJ} 

Cross Correlation - - - - 0 .0296* 
{2UCGAJ) 

Gravity Drop - -0.189 - - -

Sum {Equation 2} 0.30 0.21 0 .36 0.37 0 .1304 

Measured Impact 0.24 0 .18 0.31 0 .29 0.0961 

* not statistically significant 

u 2 y 

{mrad 2} 

0.0047 

0.00004 

0.0109 

0.1027 

0.0170* 

-

0.1453 

0 .0841 
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Table (3) Mean Impact and Dispersion Summary: Short Wheelbase Configuration 

Component X mean Ymean Ux Uy Ux2 

(mrad) (mrad) (mrad) (mrad) (mrad2
) 

Muzzle Pointing Angle 0.01 - 0.11 0.08 0 .05 0.0064 
(PA} 

Muzzle Crossing Velocity -0.02 0.00 0.02 0.04 0.0004 
(CV) 

Projectile CG Jump 0.05 0.35 0.36 0.32 0.1296 
(CG) 

Aerodynamic Jump -0.09 -0.33 0.37 0.67 0.1369 
(AJ) 

Cross Correlation - - - - 0.1344* 
(2UcGAJ) 

Gravity Drop - -0.185 - - -

Sum (Equation 2) -0.05 -0.28 0 .64 0.72 0.4077 

Measured Impact -0.04 -0.26 0.63 0.70 0.3969 

* not statistically significant 

u :l y 

(mrad2
) 

0.0025 

0.0016 

0.1024 

0.4489 

-0.0302* 

-

0.5252 

0.4900 
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Table (4) Mean Impact and Dispersion Summary: Sabot-Rear Configuration 

Component X mean Ymean lTx lTy (T X '2 

(mrad} (mrad) (mrad) (mrad} (mrad2
} 

Muzzle Pointing Angle -0.01 -0.04 0.01 0.04 0.0001 
(PA} 

Muzzle Crossing Velocity -0.03 0.00 0.01 0.01 0.0001 
(CV} 

Projectile CG Jump 0.04 0.22 0.56 0.38 0.3136 
{CG) 

Aerodynamic Jump 0.17 -0.39 0.18 0.32 0.0324 
{AJ) 

Cross Correlation - - - - 0.0912* 
(2lTCGAJ) 

Gravity Drop - -0.186 - - -

Sum {Equation 2} 0.17 -0.40 0.66 0.51 0.4374 

Measured Impact 0.17 -0.37 0.62 0.47 0.3844 

* not statistically significant 

lT '2 y 

(mrad2
} 

0.0016 

0.0001 

0.1444 

0.1024 

0.0112* 

-

0.2597 J 

0.2209 
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Table (5) Mean Impact and Dispersion Summary: Sabot-Forward Configuration 

Component X mean Ymean Ux Uy Ux'2 

(mrad) (mrad) (mrad) (mrad) (mrad2
) 

Muzzle Pointing Angle -0.07 -0.03 0 .04 0.03 0.0016 
(PA) 

i Muzzle Crossing Velocity -0.04 0.01 0.01 0.01 0.0001 

I 
(CV) 

I 
Projectile CG Jump -0.08 0.14 0 .15 0.10 0.0225 

(CG) 

' 
Aerodynamic Jump 0.08 0.09 0.58 0 .33 0.3364 

(AJ) 
Cross Correlation - - - - 0.0248* 

(2UCGAJ) 

Gravity Drop - -0.186 - - -

Sum (Equation 2) -0.11 -0.02 0.62 0.26 0.3854 

Measured Impact -0.17 0.02 0.57 0.23 0.3249 

• not statistically significant 

u '2 y 

(mrad2
) 

0.0009 

0.0001 

0.0100 

0 .1089 

-0.0520 

-

0.0679 

0.0529 
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